The current study aimed to define the plasma profile of anti-Müllerian hormone (AMH) and follicle stimulating hormone (FSH) in heifers during postnatal life until achieving puberty, as defined by plasma progesterone (P 4 ) profile, to demonstrate a relationship between AMH and age of puberty onset. Blood samples collected from 11 Japanese Black female calves within 1 week after birth (W 0) and then biweekly until the sixth week after puberty (WP 6) were assayed for AMH, FSH, and P 4 . The heifers were classified into two groups based on age of puberty onset: ≤42 weeks (early puberty group; EP, n = 4) and ≥44 weeks (late puberty group; LP, n = 7). Minimal plasma AMH concentration occurring at W 0 gradually increased to its peak level by W 10 (fourfold higher than W 0; P < 0.01) before gradually declining to a steady plateau 6 weeks before puberty (WP -6). The AMH peak was preceded by a significant rise in plasma FSH at W 4, W 6, and W 8 compared with W 0. Plasma AMH at W 16 positively correlated with WP 4 and WP 6 (r = 0.69 and 0.71, respectively; P < 0.05). Overall plasma AMH and FSH was significantly higher and lower in EP compared with LP, respectively. In conclusion, heifers exhibit a characteristic plasma AMH profile during postnatal life, such that plasma AMH at an early prepubertal age could be a biomarker for precocious puberty and postpubertal AMH levels.
Introduction
Age of puberty onset is an important determining factor for reproductive efficiency of heifers [1] . Heifers with precocious puberty (≤10 months) attain puberty and breed at less cost than those with later puberty [2] . Moreover, precocious puberty allows the heifer to have more estrous cycles before breeding age, increased first-service conception rate [3] , earlier pregnancy [4] , and enhanced lifetime productivity [5] .
Reproductive tract scores (RTS) and antral follicle counts (AFC) are used to assess pubertal status and ovarian cyclicity [6] . In addition, AFC can estimate future fertility and lifetime productivity [6] . For example, compared with heifers exhibiting relatively low AFC, heifers with high AFC have increased ovarian size, peripheral progesterone (P 4 ), genital tract development, uterine thickness, and uterine secretions [7] , as well as a higher conception rate and earlier calving day [6] . On the other hand, heifers with low AFC had enhanced follicle stimulating hormone (FSH) secretion, which is associated with alteration in follicular function and oocyte quality [8] [9] [10] [11] . Although determination of AFC using transrectal ultrasonography is a noninvasive technique, it requires experience to investigate each heifer daily for at least one follicular wave. Thus, it is a time-consuming and laborious procedure [12] .
Anti-Müllerian hormone (AMH) is a dimeric glycoprotein hormone expressed only in the gonads [13] . In the ovary, AMH expression is restricted to the granulosa cells of healthy growing follicles [14] . Relatively stable peripheral AMH levels within individual cows or pubertal heifers throughout the estrous cycle, as well as positive correlation with AFC, make single AMH measurements at any day of the estrous cycle an excellent biomarker for predicting AFC and, consequently, ovarian reserve, superovulatory response to gonadotropins, and future fertility [15] [16] [17] . Plasma AMH in female calves at 2-4 months of age was recently reported to positively correlate with AFC and be predicative of oocyte recovery and in vitro embryo production [16] . Moreover, a positive correlation between AMH and RTS has been reported in dairy heifers [18] . Based on these facts, we hypothesized that plasma AMH at an early age (prepubertal period) could predict age of puberty onset and future fertility in heifers.
While two previous studies have reported postnatal plasma AMH profiles in heifers [19, 20] , the sampling frequency in both reports was very low (i.e. 1-3 months). As such, age of puberty onset was only roughly defined in investigated heifers and data from both reports were controversial. Notably, neither of these studies investigated the presence of a possible correlation between plasma AMH levels during prepubertal and postpubertal periods, which could potentially be used as an early biomarker to predict future fertility.
Based on these notions, the current study aimed to (i) define, on a biweekly interval, the profiles of plasma AMH and FSH in Japanese Black heifers during postnatal life until 6 weeks after puberty onset; (ii) investigate the correlation between prepubertal and postpubertal plasma AMH levels; and (iii) compare plasma AMH profiles in heifers with precocious puberty (≤42 weeks of age) and those with relatively late puberty (≥44 weeks of age).
Materials and methods

Ethics
All experimental procedures were approved by the Animal Care and Use Committee of the University of Miyazaki (Approval No. 2013 -016) and were conducted in accordance with European Directive 2010/63/EU.
Animals
Eleven clinically normal Japanese Black female calves belonging to the Sumiyoshi Livestock Science Station, Faculty of Agriculture, University of Miyazaki, Japan, were enrolled in the current study. All calves were weighed at birth and subsequently every 4 weeks. Calves were kept with their dams until weaning at 20 weeks, after which growing calves were fed twice a day with a ration of concentrate (1.5 kg/day/head until 5 months of age, increasing to 2 kg/day/head from 5-12 months of age and then 5 kg/day/head thereafter), and hay (Italian rye grass or Rhodes grass) ad libitum designed to produce a growth rate of 0.82 kg/day. Water was available ad libitum.
Experimental design
To investigate plasma profiles of AMH and FSH from birth until 6 weeks after puberty in heifers, blood samples were collected from eleven Japanese Black female calves within 1 week after birth (W 0) and then biweekly until the sixth week after puberty (WP 6). Puberty onset (age at first ovulation) was defined as the week (WP 0) in which plasma progesterone (P 4 ) exceeded 1 ng/mL for the first time. To examine the relationship between AMH and puberty, the heifers were classified into two groups based on age of puberty onset: heifers attaining puberty ≤42 weeks of age (early puberty group; EP, n = 4) and heifers attaining puberty at >44 weeks of age (late puberty group; LP, n = 7) according to the past studies [2, 21] .
Blood sampling
Blood samples were collected by jugular venipuncture into heparinized Vacutainer tubes (Venoject II, Terumo) and immediately centrifuged (1398 × g for 15 min at 4
• C). Plasma was harvested and stored at -30
• C until assayed.
Hormone assays
Plasma progesterone (P 4 ) concentrations were assayed using an enzyme-linked fluorescent assay (ELFA) kit (VIDAS progesterone #30 409; Japan bioMerieux) previously validated for bovine plasma [22] . Sensitivity and intra-and interassay coefficients of variation were 0.2 ng/mL, <4% and <8.1%, respectively. Plasma AMH concentrations were analyzed using an enzymelinked immune sorbent assay (ELISA: AMH Gen II ELISA #A73818 and A73819; Beckman Coulter) previously described for cattle [14, 23, 24] with modifications to improve assay sensitivity [25] and detection range. The standard curve was modified to detect low levels of AMH through serial dilution of the lowest standard point in steer plasma. Moreover, AMH concentrations were assayed in 50-μl aliquots of undiluted samples [24, 26] . Mean and standard deviations were calculated for plasma AMH concentrations of six replicates of zero standards (steer plasma). The limit of detection was evaluated as the mean value of zero standard samples plus two standard deviation units. Sensitivity and intra-and interassay coefficients of variation for the modified assay were 0.026 ng/mL, 4.05% and 10.69%, respectively, as presented in Table 1 . The detection range of the modified assay was 0.026-22 ng/mL. To validate the modified AMH Gen II ELISA, parallelism between a serial dilution curve and the modified AMH Gen II ELISA standard curve was examined for plasma from a Japanese Black heifer. Results showed that the plasma serial dilution curve was parallel to the modified AMH Gen II ELISA standard curve (Figure 1 ). Using the modified AMH Gen II ELISA resulted in a significant increase in both mean and median AMH concentrations compared with values obtained using a standard AMH Gen II ELISA (Figure 2A ). Further supporting this notion, regression analysis revealed that the modified AMH Gen II ELISA yielded higher values than standard AMH Gen II ELISA ( Figure 2B ). Plasma FSH concentrations were assayed using a time-resolved fluoroimmunoassay assay (DELFIA, PerkinElmer). USDA-bFSH I-2 was used as a standard and for Eu tracer preparation, while USDA-5-pool was used as a specific anti-bFSH (beta-subunit) antibody. Antibodies were provided by Dr A. F. Parlow (NIDDK, National Hormone and Peptide Program). Sensitivity and intra-and interassay coefficients of variation were 0.32 ng/mL, 12.5% and 13.7%, respectively.
Biweekly plasma samples were assayed for P 4 , AMH, and FSH, with samples from each individual heifer being included in single assays for each hormone. Those data that did not meet the threshold of assay sensitivity were assumed to be the nadir for each measure.
Statistical analysis
The normal distribution of data was investigated by the D'Agostino and Pearson omnibus normality test [27] . As most of the data were not normally distributed, heterogeneous and log transformation of data was ineffective; thus, nonparametric statistical tests were applied. Repeated measures were analyzed by the Friedman test followed by a Wilcoxon signed-rank test to evaluate the significance of any changes between weeks in peripheral P 4 , AMH, and FSH levels. A Student t-test was used to compare EP and LP heifers because of the relatively small sample size. Spearman's correlation was used to study the relationships between different variables.
Normality tests were carried out using GraphPad Prism software for Windows (version 6.0; GraphPad). Comparison tests were implemented using SPSS for Windows (version 22.0; SPSS). Differences of P < 0.05 were considered statistically significant, and any difference of 0.1 > P ≥ 0.05 was considered to be a trend. Descriptive statistics are expressed as mean ± standard error of the mean (SEM) unless otherwise stated.
Results
Puberty
Heifers reached puberty at 45.09 ± 2.45 weeks of age (range 32-60), as defined by biweekly changes in plasma P 4 . As a difference in the timing of puberty between individual animals was observed, biweekly data for plasma hormonal levels were classified into two stages. The first stage included the period from birth (W 0) until 24 weeks of age (W 24), while the second stage was from 6 weeks before puberty (WP -6; WP 0 = week of puberty) until the sixth week after puberty (WP 6). As expected, a significant difference in age of puberty onset was observed among heifers in EP (n = 4) and LP (n = 7) groups (37.00 ± 2.38 and 49.71 ± 2.07 weeks, respectively; Figure 3A) . Logically, heifers in the EP group attained puberty at a lighter body weight (P < 0.05) than those in the LP group (327 ± 17 and 403 ± 23 kg, respectively; Figure 3B ).
Biweekly changes in plasma concentrations of P 4 , AMH, and FSH from birth until 6 weeks after puberty Changes in plasma concentrations of P 4, AMH, and FSH are shown in Figure 4 . Plasma P 4 was stable before puberty, with continuous concentrations of <1 ng/mL (0.25 ± 0.002 to 0.44 ± 0.10 ng/mL). Compared with the prepubertal period, significantly higher plasma P 4 (>1 ng/mL) at WP 0, WP 2, WP 4, and WP 6 reflects the presence of a functional corpus luteum in the ovaries of heifers.
Plasma AMH exhibited a characteristic profile in heifers from birth until puberty. After birth, plasma AMH concentrations gradually increased from 0.08 ± 0.02 ng/mL (W 0) to a peak by W 10 (0.33 ± 0.10 ng/mL; P < 0.01 compared with W0) before gradually declining to a steady pattern from WP-6.
Minimal plasma FSH occurring at W 0 (0.36 ± 0.11 ng/mL) gradually increased to a significant (P < 0.05) concentration by W 4 (0.83 ± 0.13 ng/mL). Moreover, plasma FSH tended (P = 0.09) to be higher at WP -4 (1.45 ± 0.20 ng/mL) compared with WP 0 (1.15 ± 0.26 ng/mL).
Plasma AMH at W 16 showed a significantly (P < 0.05) positive correlation with WP4 and WP6 (r = 0.69 and r = 0.71, respectively). Moreover, almost all plasma AMH levels from WP -6 to WP 6 (i.e. the period around puberty) positively correlated with each other (Table 2) .
No relationship was found between overall changes in plasma AMH and FSH levels (r = -0.09, P = 0.14, 294 plasma samples from 11 heifers). However, at the biweekly level, plasma AMH and FSH levels were passively correlated at W 14 (r = -0.69, P = 0.02, n = 11), as shown in Figure 5 .
Plasma concentrations of AMH and FSH in heifers with early and late puberty
Overall plasma AMH concentrations were higher (P < 0.001) in the EP group compared with the LP group (0.69 ± 0.08 vs. 0.37 ± 0.22 ng/mL, respectively; Figure 6A-1) . In contrast, overall plasma FSH concentrations were lower (P < 0.001) in the EP group compared with the LP group (0.82 ± 2.38 vs. 1.23 ± 2.07 ng/mL, respectively; Figure 6B-1) .
At the level of biweekly changes, plasma AMH concentration was higher at W 14 (P < 0.05) in the EP group compared with the LP group (0.47 ± 0.20 vs. 0.13 ± 0.02 ng/mL, respectively). Moreover, plasma AMH at W 8, W 10, W 12, and W 16 tended to be higher in the EP group compared with the LP group ( Figure 6A-2) , whereas plasma FSH at W8 was lower (P < 0.05) in the EP group compared with the LP group (0.73 ± 0.20 vs. 1.32 ± 0.15, respectively). Additionally, plasma FSH levels at W 10 and W 22 tended to be lower in the EP group compared with the LP group ( Figure 6B-2) . Biweekly changes in plasma concentrations of AMH, FSH, and P4 after birth in relation to puberty in Japanese Black heifers (n = 11, except for WP 4 and 6; n = 10 and 8, respectively). Data are expressed as mean ± SEM. Asterisks indicate the presence of a significant difference in comparison to W 0 ( * P < 0.05; * * P < 0.01). Dagger indicates the presence of a trend (0.1 > P ≥ 0.05). Key: W 0, week of birth; WP 0, week of puberty.
Discussion
The most significant findings of this study indicate that (i) plasma AMH exhibits a characteristic profile during the postnatal period until 6 weeks after puberty in heifers based on a biweekly sampling interval, (ii) plasma AMH at an early age (i.e. W 16) positively correlates with postpubertal plasma AMH (i.e. WP 4 and WP 6), and (iii) plasma AMH levels are significantly higher in EP heifers than in LP heifers.
In adult cows, peripheral AMH levels depend on the ovarian content of healthy antral follicles, mainly small antral follicles (3-5 mm in diameter) [26] . As this class of follicles is constantly renewed during the estrous cycle, peripheral AMH concentrations remain relatively steady throughout the entire cycle [26] . In the current study, Table 2 . Spearman's correlation between plasma AMH concentrations at biweekly intervals after birth until puberty. plasma AMH during the first week of age was lower than at any other age of postnatal life examined. After birth, plasma AMH gradually increases to its peak at W10. Interestingly, our results revealed that the plasma AMH peak was preceded by a significant rise in plasma FSH at W 4, W 6, and W 8, as compared with W0. This increased FSH profile could result in primordial follicle recruitment and an increased number and size of antral follicles, which could explain the postnatal rise in AMH concentrations [19] . In support of this notion, histological and ultrasonographic studies of heifer calf ovaries revealed an increase in antral follicles from birth to 2-4 months of age [28] [29] [30] .
Apparently, there are only two reports describing plasma AMH profile during the postnatal life in heifers [19, 20] . One study reported that plasma AMH remain stable over the first year of Holstein heifer's life based on a monthly sampling [20] . The other study reported that plasma AMH concentrations were significantly higher during the prepubertal period in Maine-Anjou heifers in comparison to postpubertal period based on a 2-3 months sampling interval and the age of puberty was approximately elected as 12 months of age [19] . To the best of our knowledge, the current study is the first longitudinal study to describe the profile of plasma AMH during postnatal life in heifers based on biweekly blood sampling and the use of plasma P 4 to identify the age of puberty.
After puberty, peripheral AMH levels are stable and correlate to AFC in individual heifers. Moreover, it is well established that AFC is related to pregnancy rate and future fertility in bovine [7, 31] . Although our results revealed dramatic changes in plasma AMH between the postnatal period and puberty in heifers, plasma AMH levels at W 16 positively correlated to WP 4 and WP 6. This finding suggests that plasma AMH at W 16 is predicative of postpubertal AMH levels associated with future fertility. Early prediction (i.e. during the prepubertal period) of future fertility in heifers would reduce replacement heifer costs and allow stockholders to make early decisions for less fertile heifers. In support of this notion, increased plasma AMH in prepubertal ewe lambs has been associated with higher pregnancy outcome at first mating and subsequently used to predict future fertility in ewes at a young age [32] .
The current study found that heifers attaining puberty before 10 months of age (EP group) exhibit higher plasma AMH at W 8-W 16 compared with those achieving puberty later (LP group). Although transrectal ultrasonography evaluation of AFC during blood sampling was not possible in the current study because of the small physical size of heifers, increased plasma AMH observed in the EP group could be attributable to the presence of a high AFC. This notion is supported by a positive association between plasma AMH and AFC in calves at 2-4 months as monitored by ultrasonography during laparoscopy [16] . Notably, the EP group exhibited lower plasma FSH at W4 and W6 compared with the LP group, further supporting increased AFC [9] [10] [11] . Our findings suggest that plasma AMH levels at an early prepubertal age could predict onset of puberty. As only a small number of heifers were examined in the current study, additional investigations using a larger number of animals will be necessary to verify plasma AMH during W 8-W 16 as a definitive biomarker for early puberty and establish an appropriate cut-off value for prediction. In conclusion, heifers exhibit a characteristic plasma AMH profile during postnatal life, such that plasma AMH at an early prepubertal age could be a possible biomarker for precocious puberty and postpubertal AMH levels associated with future fertility.
